We explore the different formation channels of merging double compact objects (DCOs: BH-BH/BH-NS/NS-NS) that went through a ultraluminous X-ray phase (ULX: Xray sources with apparent luminosity exceeding the Eddington luminosity of a 10M black hole). There are many evolutionary scenarios which can naturally explain the formation of merging DCO systems: isolated binary evolution, dynamical evolution inside dense clusters and chemically homogeneous evolution of field binaries. It is not clear which scenario is responsible for the majority of LIGO/Virgo sources. Finding connections between ULXs and DCOs can potentially point to the origin of merging DCOs as more and more ULXs are discovered. We use the StarTrack population synthesis code to show how many ULXs will form merging DCOs in the framework of isolated binary evolution. Our merger rate calculation shows that in the local Universe typically 50% of merging BH-BH progenitor binaries have evolved through a ULX phase. This indicates that ULXs can be used to study the origin of LIGO/Virgo sources. We have also estimated that the fraction of observed ULXs that will form merging DCOs in future varies between 5% to 40% depending on common envelope model and metallicity.
INTRODUCTION
Ultraluminous X-ray sources (ULXs) are off-centre point sources with assumed X-ray luminosity above 10 39 erg s −1 (see Feng & Soria 2011; Kaaret et al. 2017 for review). The Eddington luminosity of typical X-ray binaries (neutron star ∼ 10 38 erg s −1 and a black hole of 10 M ∼ 10 39 erg s −1 ) are below the observed luminosity of ULXs. ULXs were considered as potential candidates for intermediate-mass black holes (10 2 − 10 5 M ) accreting at the sub-Eddington rate (Colbert & Mushotzky 1999; Lasota et al. 2011) , but the discovery of pulsating ULXs (Bachetti et al. 2014; Fürst et al. 2016; Israel et al. 2017a,b; Fürst et al. 2017; ) demonstrated that the high luminosity of ULXs can be achieved by super-critical accretion onto a stellarorigin compact accretor as predicted by King et al. (2001) , E-mail: smondal@camk.edu.pl (SM) and confirmed by King & Lasota (2016) ; King et al. (2017) ; King & Lasota (2019) who found that the ULX luminosity results from beamed, anisotropic emission as suggested by King et al. (2001) (see also Wiktorowicz et al. 2019) . Optical and near infrared observations showed that a few ULXs contain massive super-giant donors (Liu et al. 2007; Motch et al. 2011 Motch et al. , 2014 Heida et al. 2015 Heida et al. , 2016 . Population synthesis study of field stars suggests that most ULXs contain 5 − 11 M main sequence (MS) donors for black hole (BH) accretors and 0.9 − 1.5 M MS donors for neutron star (NS) accretors (Wiktorowicz et al. 2017) . These donors indicate that many ULXs are high-mass X-ray binaries (Swartz et al. 2011; Mineo et al. 2012) where the companion fills its Roche lobe and so transfers mass on a thermal timescale (King et al. 2001 ) and potential progenitors of close double compact objects (DCOs: BH-BH, BH-NS, NS-NS) (Finke & Razzaque 2017; Marchant et al. 2017) . Klencki & Nelemans (2018) explored a scenario of mass transfer from a massive donor with mass M > 15 M onto a BH accretor leading to a ULX phase and eventually forming a short period BH-BH system.
The first detection of gravitational waves (GW150914) from two merging BHs of masses around ∼ 30 M was made by the advanced Laser Interferometer Gravitational-wave Observatory (aLIGO) (Abbott et al. 2016) . A total of eleven DCO mergers have been detected jointly by aLIGO and aVirgo during the first and second observing runs, out of which ten are BH-BH mergers and one is a NS-NS merger (The LIGO Scientific Collaboration et al. 2018) . Venumadhav et al. (2019) discovered six additional new BH-BH mergers in the publicly available data from the second observing run of aLIGO/aVirgo.
There are many evolutionary scenarios which can explain the origin of BH-BH mergers: classical isolated binary evolution in galactic fields (Tutukov & Yungelson 1993; Belczynski et al. 2016a; Kruckow et al. 2018) , dynamical evolution inside dense star clusters (Portegies Zwart et al. 2004; Rodriguez et al. 2016; Chatterjee et al. 2017; Askar et al. 2017; Banerjee 2018 ) and chemically homogeneous evolution of field binaries Marchant et al. 2016 ). Since we do not know yet which scenario operates for most of the BH-BH mergers, we want to find the potential progenitors of BH-BH mergers to constrain their origin. On the other hand, the connection between ULXs and merging DCOs (hereafter mDCO if their delay time is shorter than the Hubble age) can be used to constrain the various poorly understood physical processes in binary stellar evolution (efficiency of common envelope, mass transfer, natal kick distribution, etc.). In the classical binary evolution, most progenitors of mDCOs experience one or two mass transfer phases (Belczynski et al. 2016a) . If the mass transfer rate is high enough it may lead to a ULX phase. We investigate a scenario in which some of the ULXs may possibly form mDCOs in the context of classical isolated binary evolution as proposed in earlier studies (Finke & Razzaque 2017; Marchant et al. 2017; Klencki & Nelemans 2018) . Finke & Razzaque (2017) did an analytical study assuming that all BH-BH mergers evolved through a ULX phase, which is still under debate. Klencki & Nelemans (2018) explored a small range of parameter, and they only considered BH-ULXs with high mass donors. Our study spans a wide range of parameter space, including the most up-to-date prescriptions of binary stellar evolution. Dominik et al. (2012) and Belczynski et al. (2016a) have done extensive studies of mDCOs and predicted the current LIGO and Virgo merger rates, whereas Wiktorowicz et al. (2015 Wiktorowicz et al. ( , 2017 Wiktorowicz et al. ( , 2019 have already drawn various conclusions about the population of ULXs, companion types and visibility. In this study we focus on the ULX formation channels that will form mDCOs at the end.
We note that the Be phenomenon (Zorec & Briot 1997; Negueruela 1998 ) and formation of ULXs containing Be star donors are not modeled in our simulations. The formation of decretion discs around Be stars (Lee et al. 1991 ) and the exact origin of different type of outbursts in galactic and extragalactic Be stars is not yet fully understood ; , but see Martin et al. (2014) , who suggest that this involves Kozai-Lidov cycles in which the inclination of the decretion disc periodically coincides with the orbital plane, producing a massive outburst). There are at least five possible candidates of Be ULXs known at the moment; these ULXs are binary systems with orbital periods between 10 days to 100 days that exhibit transient phases of X-ray emission (Trudolyubov et al. 2007; Trudolyubov 2008; Townsend et al. 2017; Tsygankov et al. 2017; Weng et al. 2017; Carpano et al. 2018; Doroshenko et al. 2018; Vasilopoulos et al. 2018) . The accretors in these systems are NSs. Among these system, the Be star masses are known only for two systems. NGC 300 ULX1 has a 15−25M donor (Binder et al. 2016 ) and SMC X-3 has a 3.5M donor (Townsend et al. 2017) . The donor mass in NGC 300 ULX1 is high enough that under favorable conditions, either through common envelope (CE) evolution or a well-placed kick, the future evolution of this system may lead to the formation of merging NS-NS binary.
In section 2 we explain our simulation setup. Section 3 describes the accretion model onto compact accretors and orbital, spin parameters change due to binary interactions. In section 4 we incorporate geometrical beaming in our population synthesis calculations in the context of ULX luminosity. We invoked two different CE models which are described in section 5. Section 6 describes our results and in section 7 we present the conclusions.
SIMULATION
We used StarTrack (Belczynski et al. 2002 (Belczynski et al. , 2008a , a rapid binary and single star population synthesis code with major updates as described in Dominik et al. (2012) and Belczynski et al. (2017) . The primary (most massive) zero age main sequence (ZAMS) mass M a was drawn within range 5 − 150 M from a broken power law distribution with index α = −2.7 (Kroupa & Weidner 2003) , whereas the secondary ZAMS mass M b (0.5 − 150 M ) was determined by the uniform distribution of binary mass ratio q 1 = M b /M a within range [0.1,1.0] (Sana et al. 2013) . The orbital period (P) and the eccentricity (e) was selected, respectively, from the distributions f (log P/d) ∼ (log P/d) −0.55 with log P/d in the range [0.15,5.5] and f (e) ∼ e −0.42 within the interval [0.0,0.9] (Sana et al. 2013 ). In our simulation, the rest of the physical assumptions are same as in the model M10 in Belczynski et al. (2016b) except for the accretion mechanism onto a compact accretor which we explain in the next section. We simulated 2 × 10 6 binary systems with 32 different metallicities (Z) from Z = 0.005Z to Z = 1.5Z . The exact value of Z is not settled (Vagnozzi et al. 2017) ; we adopted the value of Z = 0.02. The binary fraction was chosen to be 50% for primary ZAMS mass below 10 M and 100% above 10 M (Duchêne & Kraus 2013; Sana et al. 2013 ). The total simulated stellar mass at each metallicity is M sim = 4.4 × 10 8 M .
To calculate the merger rate density as a function of redshift z, we used star formation rate density SFR(z) given by Madau & Dickinson (2014) ,
We calculated the merger rates from z = 0 to 15. At each given redshift, we chose a redshift bin with size ∆z = 0.1 to calculate the comoving volume dV c (z),
where D c is the comoving distance is given by,
with
and Ω Λ are the usual cosmological density-parameters. The total stellar mass at a given redshift was determined by multiplying the SFR(z) with dV c (z) and the corresponding time interval of ∆z. Then the obtained total stellar mass was used to normalize the simulated stellar mass. To include the contribution from different metallicities, at each redshift we used a log-normal distribution of metallicity around the average metallicity (Z avg ), with a standard deviation of σ = 0.5 dex (Dvorkin et al. 2015) . The equation for average metallicity was taken from Madau & Dickinson (2014) with logarithmic of the average metallicity is increased by 0.5 dex to better fit the observational data log[Z avg (z)] = 0.5 + log In a close binary system when the matter is transferred from the donor star to the compact accretor an accretion disk is formed. We adopted the accretion disk model from Shakura & Sunyaev (1973) . At low accretion rates (sub-critical) the disk does not produce strong outflows. At super-critical accretion rates, below the spherization radius the disk is dominated by radiation pressure, which leads to strong outflows. In super-critical accretion regime, the local disk luminosity is Eddington limited, most of the gas is blown away by radiation pressure and the accretion rate decreases linearly with radius (see Fig. 1 ). This accretion model is used for both RLOF and wind mass accretion. First, we will discuss the RLOF accretion, the wind accretion is described in next section. During the Roche lobe overflow phase, M RLOF is the mass that has been transferred from donor star to the disk around compact accretor. Mass loss by the disk wind from the outer part of the disk down to the spherization radius (R sph ) of the disk is taken care by a factor f 1 . The mass accretion rate at R sph is then
but in what follows we have assumed f 1 = 1 (no wind from the outer disk). Inside the spherization radius (R sph ), the disk is dominated by radiation pressure which leads to strong wind. One can calculate the spherization radius from
where R S = 2GM/c 2 is the Schwarzschild radius of the accreting compact object. The Eddington accretion rate ( M Edd ) is given by
where L Edd = 4πcGM/κ, with κ = σ T (1+ X)/2m p . σ T is Thomson scattering cross-section for an electron, m p is the mass of a proton, G is gravitational constant and c is the speed of light. The efficiency of gravitational energy release is ∼ 0.1. We take the hydrogen mass fraction in donor envelope X to be 0.7 for H-rich donor stars and 0 for H-deficient donor stars. The radius of a NS (R NS ) can be derived from
where M is mass of a NS. The above formula was obtained by using a polynomial fit to the data points of model number BSk20 from Fortin et al. (2016) . The fit has been applied in the mass range from 1.39 M to 2.17 M . We have considered the radius to be constant: R NS = 10.37 km for NS with masses above 2.17 M and R NS = 11.77 km for NS with masses below 1.39 M . For the case of the non-magnetized neutron star, the inner accretion disk radius, we assumed to be:
and for an accreting black hole:
where R ISCO is innermost stable circular orbit radius:
where
(12)
is the BH dimensionless spin magnitude, M and J are respectively the mass and the spin angular momentum of a BH. For a spin = 0, R ISCO = 3R S . R ISCO increases for retrograde motion of an orbit with respect to the BH spin, whereas in prograde motion, it comes closer to the horizon. We assumed the prograde rotation of the disk around the BH. The mass accumulation rate M acu,RLOF onto the compact accretor is
where (1-f 2 ) denotes wind mass loss from the inner part of a disk (inside R sph ). This part of the disk is assumed to be in radiation dominated regime and effectively losing mass in disk winds.
• If the mass transfer rate M 0,RLOF is larger than the Eddington mass accretion rate M Edd then
Figure 1. Schematic diagram of the super-critical accretion disk around a compact accretor. R in and R sph are the inner and the spherization radius of the accretion disk. f 1 and f 2 parameters determine the wind mass loss rate from the outer and the inner part (inside R sph ) of the disk. M RLOF is the mass transfer rate from the donor star and M acu is the mass accumulation rate onto the compact accretor. θ and Ω are the opening angle and the total solid angle of the emitted beam, respectively.
and equation 15 simplifies to
The spherically isotropic luminosity of an accreting compact object is then given by (Shakura & Sunyaev 1973 )
• If the mass accretion rate M 0,RLOF is lower then the Eddington accretion rate then
and
where η is efficiency of gravitational energy release. For NS, (Shakura & Sunyaev 1973) 
η NS varies from 17% for 1.4 M NS to 28% for 2.1 M NS. For BH,
where E(R = R ISCO ) is specific keplerian energy at ISCO radius. η BH varies from 6% for a spin = 0 to 42% for a spin = 1.
The mass ejection rate M eje,RLOF from a disk around a compact accretor is determined by
Wind accretion/luminosity
For the description of wind accretion we have used the Bondi & Hoyle (1944) accretion mechanism. The compact accretor captures a fraction of the mass lost from the donor by stellar wind
where f wind determines the mean accretion rate into the disk around compact accretor. The prescription for f wind has been taken from Hurley et al. (2002) . Here M WIND is wind mass loss rate from the donor star and M acc,WIND is wind mass accretion rate onto the disk around the compact accretor. f wind is given by,
where α wind = 1.5, v = v orb /v wind and
The wind velocity is simply assumed to be the escape velocity at the donor surface with a factor √ β wind ,
β wind varies from 0.7 to 0.125 depending on the spectral type of the donor star. We treated the rest of the problem the same way as for the RLOF accretion which translates to
with f 1 and f 2 the same as in Section 3.1.
Orbital parameter change
We assumed a spherically symmetric wind mass-loss from the donor which carries away the angular momentum from the binary system (Jeans-mode mass loss). This leads to orbital expansion. The corresponding change in orbit due to the angular momentum loss is calculated from
where only M don changes by
). The accumulation of mass on the compact accretor is very low compared to the wind mass-loss from the donor making and is not significantly affecting the orbital separation. In the case of super-critical accretion, the binary orbital separation further increases due to the wind mass loss from the inner part of the disk (inside R sph ). We assume the matter ejected by the disk wind carries away the specific angular momentum of the compact accretor. The angular momentum loss specific to the accreting compact object can be obtained from
where R com is the distance between the accretor and the binary's centre of mass.
Compact object spin change
The spin of the BH accretor increases due to accretion which changes the ISCO radius. The angular momentum l and energy E of the accumulated mass M acu can be calculated from equation (23) and from equation (3) in Belczynski et al. (2008b) . Final mass and spin angular momentum of the BH accretor will be
where the initial spin angular momentum is calculated from J i = a spin,i M 2 i G/c and the final spin will be a spin,
BEAMING MODEL
At high mass accretion rate luminosity could be collimated through small cones then the observed luminosity will be much higher than L x,iso (spherically isotropic) this phenomenon is called beaming (King et al. 2001) . The beaming factor b has been defined as b = Ω/4π (King 2009 ). If we consider the emission through two conical sections, the total solid angle of emission Ω = 4π[1 − cos(θ/2)], here θ is the opening angle of the cone. The apparent luminosity is 
where, since we assume f 1 = 1, m 0 = M 0,RLOF / M Edd is mass accretion rate at R sph in Eddington accretion-rate unit. In Wiktorowicz et al. (2017) the beaming was assumed to saturate at very high accretion rates; an assumption we are not using in the present paper (see Wiktorowicz et al. 2019) .
HERTZSPRUNG GAP DONORS -SUBMODEL A AND B
In the scheme of close binary evolution probably the most crucial point is the CE phase. If the mass transfer is dynamically unstable, it will lead to a CE phase (see Ivanova et al. 2013 for review). The CE phase brings the stars closer by transferring the orbital energy to the envelope, which is necessary to explain the observed population of low mass X-ray binaries (Liu et al. 2007 , see, however, Wiktorowicz et al. (2014 ) and the mDCOs (Dominik et al. 2012) . During the CE phase, the binary system goes through spiral-in phase, which, if the envelope is not ejected, will lead to a premature merger. If the donor star does not have a well developed core, then the orbital energy is transferred to the entire star, which makes it hard to eject the envelope. Stars on the MS branch do not have a clear core-envelope boundary. Similarly stars on the Hertzsprung gap (HG) branch lack the clear entropy difference related to the core-envelope structure (Ivanova & Taam 2004) . We assume that a CE initiated by a MS donor always result to the merger. Further we extend our analysis for HG donors. In submodel A, we followed the standard energy balance prescription of the CE for HG donors, whereas in submodel B (more conservative approach), we assume the binary does not survive the CE initiated by HG donor. We note that systems such as Cyg X-2 have avoided the CE phase despite having large mass ratio during the onset of mass transfer phase q ∼ 2.6 (King & Ritter 1999) . This type of system can be explained by recent study of Pavlovskii et al. (2017) , who revisited the stability of mass transfer and showed that at some cases the mass transfer can be stable even at very high mass ratio. The study by Pavlovskii et al. (2017) was limited to very small range of metallicities (only at 0.1Z and Z ). We have not yet included this type of mass transfer scheme in our current study, even if it might explain the nature of at least some ULXs (see, e.g. King & Lasota 2019) . In future, we will include this type of mass transfer scheme and stellar rotation in StarTrack using MESA model.
RESULTS

Metallicity effect on the ULX population
Metallicity plays a crucial role in the binary stellar evolution. The formation number of ULXs can be very different at different metallicities. The numbers presented here are of ULXs formed out of the same stellar mass (M sim = 4.4 × 10 8 M ) at different metallicities. We found that ULXs can be powered by both RLOF and wind mass transfer. The upper panel of Fig. 2 shows the number of RLOF BH-and NS-ULXs formed at different metallicities. For comparison we also show the total number of NS and BH binary formed.
BH-ULXs
The number of BH-ULXs remains almost constant at low metallicity (0.005Z ≤ Z < 0.2Z ) but decreases at higher values (dotted blue lines). The mass-loss due to stellar winds plays a major role only for rather high metallicity which explains the relative insensitivity of the number of ULXs formed at low metallicity values.
At higher metallicity, there are three main factors which contribute to the decreasing numbers of BH-ULXs. They are: the wind mass loss, the stability properties of the masstransfer and the natal kick.
(1) The wind mass loss rate from a metal rich star is very high as compared to a metal-poor star (Vink et al. 2001; Vink & de Koter 2005) . Increasing wind mass-loss with metallicity puts the binary components further apart, which makes it hard to achieve the RLOF.
(2) The thermal timescale mass transfer via RLOF is allowed only when the-donor-to-accretor mass ratio at the onset of the RLOF is less then the critical value (q crit ). If the mass ratio is ≥ q crit , then mass transfer proceeds on dynamical timescale which leads to a CE phase. For rapid thermal timescale mass transfer we use a diagnostic diagram to determine q crit which varies between 1.2 − 2.0 depending on the type of donor (Belczynski et al. 2008a, Section 5.2) . Stars with a radiative envelope, but with a deep convective layer are subject to delayed dynamical instability. King & Begelman (1999) suggested that donor with radiative envelope does not lead to the CE phase. However, once donor convective layer is exposed it can evolve into a delayed CE phase. For delayed dynamical instability we used q crit = 3.0 for H-rich donors, q crit = 1.7 for He main sequence donors, q crit = 3.5 for evolved He donors (Belczynski et al. 2008a ). Blue solid line in Fig. 3 shows the average BH mass decreases with increasing metallicity (Belczynski et al. 2010a ). As metallicity increases the limit on the donor mass for stable mass transfer becomes narrower, which allows only a fraction of binary systems to go through the stable masstransfer phase, as a result the number of RLOF BH ULXs diminishes.
(3) The overall number of binary systems with BH accretors decreases as metallicity increases, which in turn lowers the number of RLOF BH ULXs (see blue dash/solid line in Fig. 2) . The overall number of BH binary systems decreases mainly due to formation of low mass BHs. Low mass BHs receive natal kick during its formation, which can potentially disrupt the binary systems.
The bottom panel of Fig. 2 shows the number of wind BH-ULXs, which remains nearly constant in all tested metallicities (dotted blue lines). This can be understood comparing it to the total number of binary systems formed with BH accretors. The number of such systems decreases with increasing metallicity, as explained in (3) above. The wind mass-loss rate increases with metallicity (Vink et al. 2001; Vink & de Koter 2005) . Due to low wind mass-loss rate at low metallicity, only a fraction of binary systems have a mass-loss large enough to power a ULX. At high metallicity, although the number of companion stars that can provide the required wind mass-loss rate is higher, the number of binary systems with BH accretors decreases. Consequently, the number of wind BH-ULXs remains roughly constant throughout metallicity.
NS-ULXs
The number of NS-ULXs does not depend much on metallicity (dashed red lines in Fig. 2 ). This is because, the donors mass in NS-ULXs are very low (Wiktorowicz et al. 2017 (Wiktorowicz et al. , 2019 . In our simulation, the average donor mass in both type of NS-ULXs are in between 1 − 2 M 1 (red and black lines in Fig. 3 ). For low mass donors both the wind mass loss rates and the mass transfer rates are independent of metallicity, so their evolution remains nearly unaffected by metallicity. Most NS-ULXs reach ULX luminosities through beaming of emission. For a given mass transfer rate, NS will always have lower opening angle of emission than BH, which increases the apparent luminosity of NS-ULXs (King & Wijnands 2006; King & Lasota 2016; Wiktorowicz et al. 2019 ). In general, no more than ∼ 10% of the wind accreting ULXs have luminosities larger than 10 40 erg/s.
Metallicity effect on the mDCOs population
The populations of mDCOs depend strongly on metallicity. Fig. 4 shows the formation number of mDCOs at different metallicities. These results are well known from the previous studies (Belczynski et al. 2010b; Dominik et al. 2012; ). The number of BH-BH formation in- creases with decreasing metallicity. This is mainly because the BH mass increases as metallicity decreases (Belczynski et al. 2010a ). Higher mass BHs receive little to no natal kick during their formation, which leads to the survival of large number of binary systems. The formation efficiency of BH-NS systems does not increases the same way as BH-BH does with decreasing metallicity. This is because most of the binary systems are disrupted during the formation of NSs. The next interesting point to note is that the formation number (of both BH-BH and BH-NS) difference between submodel A and B increases with metallicity. This is because the number of BH-BH and BH-NS progenitors that went through CE phase with HG donors (premature merger) increases with metallicity (Belczynski et al. 2010b ). The formation efficiency of NS-NS is less metallicity dependent than BH-BH and BH-NS. The natal kick strength does not change with metallicity for NS formation, as a NS has a very small range of mass.
Fraction of mDCOs formed from ULXs
One can expect that a large fraction of mDCO evolved through an ULX phase because to become short period DCO these systems had to go through various phases involving very high mass-transfer rates (see Belczynski et al. 2017 , and references therein).
The number of mDCOs formed from ULXs channels can be very different at different metallicities. f mDCO,ULX represent the percentage of mDCOs that came from ULX channels. For our standard model (submodel B), the values of f mDCO,ULX at different metallicities are shown in Fig. 5 . The main feature here is that the percentage of BH-BH and BH-NS systems that went through the wind ULX phase increases with metallicity (upper panel of Fig. 5 ). This can be understood using the results presented in the previous section (see section 6.1), where we showed that the popula- tion of wind BH-ULX remains nearly constant throughout metallicities even though the overall number of binary systems with BH accretors decreases at high metallicities. This indicates that as metallicity increases more BH binary systems have evolved through the wind ULX phase and eventually this will also increase the formation of BH-BH and BH-NS systems through wind ULX channel. In the case of the NS-NS population, almost none of the close NS-NS systems have evolved through the wind ULX phase. Most of the wind NS-ULXs are in wide orbits and they will not form merging NS-NS systems within Hubble time.
The number of mDCOs that went through the RLOF ULX phase does not behave in a monotonic way with metallicity (bottom panel of Fig. 5 ). The mDCOs that went through RLOF mass transfer, almost all of them achieved the ULX phase (see Fig. 6 ). The heavily non-monotonic behavior of f mDCO,ULX of RLOF ULX is caused by various factors that change with metallicity such as the initial orbital separation of DCOs 2 (de Mink , wind mass loss rate that changes orbital separation and radial expansion of the donor star (Belczynski et al. 2010b ). These factors determine whether a given system evolves through a RLOF phase and if so, at what evolutionary stage. All together, these factors play a very complex role which leads to the formation of a non-monotonic relation between the number of RLOF systems and metallicity.
We found that only a small percentage of merging BH-BH systems (0 − 10%) have evolved through the RLOF ULX phase whereas for BH-NS and NS-NS systems the percentage, respectively, varies between 0−71% and 4−100% depending on metallicity. The small fraction of the ULX-descendant merging BH-BHs is due to the fact that the high mass transfer rate RLOF onto compact object is more restricted in case of BH-BH progenitors than for BH-NS and NS-NS progenitors. BH/NS can accrete at high rate (typically) either from a HG donor or from an evolved low-mass He-star. Massive HG stars ( 7 M ; massive enough to form later a NS or a BH) and low mass He stars (∼ 2 − 4 M ; but massive enough to form later NSs) are subject to significant/rapid radial expansion, leading at favorable binary configurations to RLOF high mass transfer rates and formation of ULXs. Massive He stars ( 4 M ; that could later form BHs) do not expand significantly (Delgado & Thomas 1981; Habets 1987; AvilaReese 1993; Woosley et al. 1995; Hurley et al. 2000; Ivanova et al. 2003; Dewi & Pols 2003 ) and typically do not lead to high mass transfer RLOF nor to ULX phase. It follows that BH-BH progenitors with RLOF ULX phase are mostly restricted to HG donors, while NS-NS/BH-NS progenitors are allowed to have HG or low mass He star donors making it easier to generate RLOF ULX phase.
We also provide the percentage of total mDCOs that have evolved through the ULX phase (solid black line in Fig. 5 ). The total curve nearly follows the BH-BH population of wind ULX at low metallicity (Z ≤ 0.25Z ). At low metallicity the mDCO population is dominated by BH-BH systems but as metallicity increases the number of BH-BH systems goes down and NS-NS becomes the major systems in the population of mDCOs (see Fig. 4 ).
Fraction of ULXs that will form mDCOs
We do not expect a large fraction of ULXs to become mDCO or even DCO. According to Wiktorowicz et al. (2017 Wiktorowicz et al. ( , 2019 , ULXs have too low masses of at least one stellar component and/or too long orbital periods to evolve into systems that will be observable by LIGO/Virgo. The study by Wiktorowicz et al. (2017 Wiktorowicz et al. ( , 2019 was limited to only RLOF ULXs, we note that, the same thing applies to wind ULXs.
Depending on the donor mass, ULXs may, or may not form mDCOs at the end of their evolution. f ULX,mDCO represents the percentage of ULXs that forms mDCOs out of the same simulation mass M sim . Table 1 shows the values of f ULX,mDCO for both submodels A and B. In submodel B, the values of f ULX,mDCO are very low: between 1% to 5% depending on metallicity (see also Table A3 ). In submodel A, f ULX,mDCO increases with metallicity, from 4% to 15%. As the different ULX populations remain nearly constant very different depending on metallicity for the sub-population of mDCO progenitors. Note that at some metallicities sum of wind and RLOF population can be higher than 100%, this means that some ULXs went through both wind and RLOF mass transfer phases. The black line shows percentage of all mDCOs that have evolved through at least one (RLOF or wind) ULX phase.
with metallicity (except for RLOF BH-ULXs), the values of f ULX,mDCO are simply determined by the number of mDCOs that has evolved through the ULX phase (see section 6.3). In submodel A, f ULX,mDCO increases with metallicity because as metallicity increases more number of mDCOs went through the ULX phase. Whereas in submodel B, f ULX,mDCO slightly decreases with increasing metallicity simply because as metallicity increases more of mDCO progenitors (some of which are also ULX progenitors) are merged due to the CE phase initiated by an HG donor (Belczynski et al. 2010b ).
Next we want to estimate what percentage of the observed ULXs will form mDCOs. Below we describe a model that allows to estimate the fraction of ULXs, weighted by the duration of ULX phase, that will eventually form mDCOs at a given metallicity. The probability of an ULX to be observed is directly proportional to the duration of ULX phase and inversely proportional to the beaming. This model utilizes only the beaming parameter and the lifetime of ULX phase as proxy for observability, but ignores the specific star formation history and the delay time between star formation and the onset of the ULX phase. Note that various ULXs may not only have different duration of highluminosity phases, but also different delay times. Full models for some specific star formation history and metallicity can be easily constructed with our data and be used to study individual galaxies hosting ULXs. Various galaxies can have very complex chemical evolution and different types of star formation episodes (like burst type, continuous or a combination of both). Our model can only be directly applied to galaxies having simple properties such as a straightforward chemical composition and a constant star formation. f obs ULX,mDCO depends both on the evolution model and the metallicity.
We calculate f obs ULX,mDCO (for 0.01Z , 0.1Z and Z ) as:
where the numerator represents the sum over the lifetime of ULX phase multiplied with the beaming parameter for ULXs that will form mDCOs at the end and the denominator represents the sum for all ULXs. The values of f obs ULX,mDCO are given Table 1 . The behavior of f obs ULX,mDCO is much more complex than that of f ULX,mDCO , as it is weighted by the duration of the ULX phase and the beaming parameter which are very different for different type of ULXs. RLOF ULXs tend to have longer ULX phases than wind ULXs. The drop of f obs ULX,mDCO at 0.1Z is caused by decrease in the number of mDCOs formation through RLOF ULX channel (shown in the bottom panel of Fig. 5 ).
The duration of the ULX phase depends on the ULX accretor (BH/NS) and the ULX type (RLOF/wind). Table A1 (see the Appendix) shows the average duration of the ULX phase in submodel B. The average duration of the NS-ULXs phase varies between 0.07 − 0.8 (depending on metallicity) Myr and for BH-ULXs 0.06 − 0.4 Myr. On average RLOF ULXs last 3 − 38 times longer than wind ULXs.
DCO merger rates
We used the cosmic star formation history (Eq. 1) and the evolution of average metallicity throughout cosmic time (Eq. 4) to calculate the merger rates of mDCOs (R mDCO ). Fig. 7 shows the merger rate densities at different redshift. The merger rate densities at the local Universe (z = 0) are given in Table 2 . Submodel A gives the optimistic values of merger rates, that are quite high compared to submodel B. Next we separately calculated the merger rate densities defined as R ULX→mDCO for systems that form mDCOs through ULX channels. Our merger rate calculation can be used to estimate what percentage of mDCO came from ULX channels. We found that in the local Universe, in submodel A, 37% of NS-NS, 56% of BH-NS and 42% of BH-BH mergers came from ULX channels, whereas in submodel B this percentage increases to 62% for NS-NS, 92% for BH-NS and 53% for BH-BH. In submodel B the merger rates (both R mDCO and R ULX→mDCO ) go down due to the merger of binary system during CE, initiated by HG donors. In submodel B, even though R mDCO and R ULX→mDCO decrease, the fraction R ULX→mDCO /R mDCO increases compared to submodel A (see Table 2 ). It indicates that lower fraction of ULXs went through CE phase with HG donors than the fraction of mDCOs. . DCO merger rate density at different redshift. Black, blue and red solid lines represent BH-BH, NS-NS, and BH-NS merger rate densities, respectively. Black, blue and red dash lines show merger rate densities of BH-BH, NS-NS and BH-NS systems that undergone an ULX phase in their evolution.
CONCLUSIONS
We did a study of a subset of X-ray binaries -those that went through the ULX phase -and we focused on ones that form mDCOs at the end. We incorporated super-critical mass accretion onto a compact object and physically motivated beaming in our population synthesis study of large number of binary systems. ULX populations studied in this paper do not represent the complete sample of ULX, as ULXs containing Be star companions are not included in this work. The conclusions based on the restricted population of ULXs are listed below.
• ULXs can host both NSs and BHs as accretors. The average life time of the NS-ULX phase varies between 0.07−0.8 (depending on metallicity) Myr and for BH-ULX 0.06 − 0.4 Myr (see Table A1 ). As NS-ULXs are more prone to be beamed (King & Lasota 2016; Wiktorowicz et al. 2019) , we obtained (weighted by beaming and life time of ULX phase) that the number of NS-ULXs would be 0.1 − 1 (depending on metallicity) times of BH-ULXs in the observed sample of ULXs. Our estimate may be compared with that of Middleton & , who found that in the observed sample, the number of NS-ULXs would be ∼ 0.1 − 0.4 times of BHULXs.
• ULXs can be powered by both RLOF and wind mass transfer. In submodel B, on average RLOF ULXs last 3 − 38 (1 − 31 times in submodel A) times longer than wind ULXs (see Table A1 ).
• The number of RLOF BH-ULXs decreases at high metallicity while the number of wind BH-ULXs remains almost constant in all tested metallicities (Z = 0.005Z to Z = 1.5Z ). The number of NS-ULXs (both RLOF and wind) does not depend much on metallicity.
• The average mass of donor and accretor in BH-ULXs (both RLOF and wind) decreases as metallicity increases. The average donor mass in RLOF BH-ULXs is 9.3 M , 6.7 M , and 2.2 M for Z = 0.01Z , 0.1Z and Z respectively. The average BH mass in RLOF BH-ULXs is 18.5 M , 15.3 M , and 8.2 M for Z = 0.01Z , 0.1Z and Z , respectively.
• The average donor mass in wind and RLOF NS-ULXs is ∼ 1.25 M and ∼ 1.0 M , respectively, almost independent of metallicity.
• The fraction of ULXs that forms mDCOs ( f ULX,mDCO ), potential LIGO/Virgo sources, depends both on CE outcome and metallicity. In our standard CE model (submodel B), the fraction is very low (∼ 3.5%) but in our optimistic CE model (submodel A) where CE events from the HG donor are allowed, the fraction is higher and increases with metallicity (4.0%, 7.8%, 10.8% for Z = 0.01Z , 0.1Z , Z , respectively).
• Our calculation of f obs ULX,mDCO which is weighted by the duration of the ULX phase and beaming shows that 5 − 40% (depending on CE model and metallicity) of the observed ULXs will form mDCOs in future.
• From our cosmic merger rate calculation of mDCOs (see Fig. 7 ), one can predict how many of the merging LIGO/Virgo sources came from ULX channels. We found that in the local Universe (z = 0) the majority of the DCO mergers formed from isolated binaries went through a ULX phase. The numbers in two different submodel A/B are 37%/62% for merging NS-NS, 56%/92% for merging BH-NS and 42%/53% for merging BH-BH. 
